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To date, the effect of the changes promoted by hypercholesterolemia and experimental schistosomiasis
infection on splenic architecture has remained elusive. In this paper, we compared spleen from control
and infected mice fed either high-fat (29% lipids) or standard diet (12% lipids), assessing spleen volume
by liquid displacement and splenic disorganization by histopathology, morphometry and stereology.
Infected mice showed higher spleen volume than in corresponding uninfected mice (P < 0.05). The white
pulp compartment was reduced, red pulp and germinal center were enhanced (P < 0.01). Microscopic
examination showed cellular inﬁltrates characterized by polymorfonuclear cells, with intensive lympho-
cytic mitosis and Mott cells. Hemosiderin deposits tended to be in less extent in infected mice compared
with uninfected controls. The red pulp compartment showed a signiﬁcantly (P < 0.05) increased average
number of megakaryocytes compared with uninfected mice, which may be associated with hematopoietic
reconstitution. High-fat fed mice showed larger white pulp than controls (P < 0.05). Standard fed mice
showed exudative-productive granuloma distributed only sparsely in the red pulp, whereas a tissue reac-
tion characterized by a cell inﬁltration in high-fat fedmicewas found. The results of the present study sug-
gest that there is a signiﬁcant relationship between high-fat diet intake and splenic disorganization such
as a decrease in the numerical density of white pulp and, red pulp and germinal center hyperplasia. Such
structural disorganization due to co-morbidites (schistosomiasis and dyslipidemia) may affect the micro-
environments of the spleen that are necessary for the generation of immune responses to antigens.
 2012 Elsevier Inc. Open access under the Elsevier OA license.sevier OA license. 
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Neglected tropical diseases (Hotez et al., 2008) and nutritional
disorder such as undernourishment (Casapia et al., 2007; Gyorkos
et al., 2011) represent a public health concern because affect vul-
nerable communities. It is advocated that high cholesterol level is
considered to be one of the leading risks to health worldwide
(Ordúñez, 2011). Although hypercholesterolaemia in whole popu-
lations have fallen substantially inmost developed countries (Cape-
well and Ford, 2011), it remains a growing health challenge in low-
income and middle-income countries (Farzadfar et al., 2011).
The spleen is a secondary lymphoid organ composed of several
tissue compartments and plays important roles in ﬂuid volume
regulation, modulation of immune responses and hematopoiesis
(Cesta, 2006; Simões et al., 2007). The red pulp is site of extramed-
ullary hematopoiesis, plays a blood ﬁlter removing foreign mate-
rial, degenerate and aged erythrocytes, while the white pulp
plays important role in and modulation of immune responses (Ces-
ta, 2006). In animal studies, it has been demonstrated that splenec-
tomy resulted in decreasing levels of lipid levels, which point out
the role of the spleen in lipid metabolism (Fatouros et al., 1995;
Petroianu et al., 2006; Simões et al., 2007; Paulo et al., 2007; Dinis
et al., 2009).
Schistosomiasis mansoni, caused by the blood dwelling ﬂuke
Schistosoma mansoni, is one the most prevalent neglected tropical
water-borne disease (Gryseels et al., 2006). It is estimated that
among 120 million symptomatic individuals, 20 million often de-
velop severe morbidity (Chitsulo et al., 2000; Steinmann et al.,
2006). Acute schistosomiasis is a clinical syndrome often seen in
nonimmune individuals 3–6 weeks after exposure during a bath
in an endemic area (Epelboin et al., 2010). The clinical manifesta-
tion can range from fever, muscular pain to mild hepatomegaly
and blood eosinophilia (Andrade and Azevedo, 1987). Histological
analysis shows a high cellular immune response against cercarial
skin invasion, migrating schistosomula and to soluble egg antigens
(Lambertucci, 2010). With aging of the infection, some individuals
progress to the chronic phase. Pathology is due to large numbers of
eggs that become trapped in tissues such as the liver, in which the
host reaction results in a granulomatous inﬂammation (Stavitsky,
2004; Baptista and Andrade, 2005). This stage is characterized by
extensive hepatic ﬁbrosis, portal hypertension, ascites, esophageal
varices, collateral circulation and splenomegaly (van der Werf
et al., 2003; Andrade, 2005; Gryseels et al., 2006; Lambertucci,
2010; Rodrigues et al., 2010). This disorder has high disability
weight (King and Dangerﬁeld-Cha, 2008). Histological examination
evidences pronounced changes in spleen micro-architecture in
chronic schistosomiasis mansoni (Andrade et al., 1998; Freitas
et al., 1999). In regard to acute infection, spleen enlargement and
splenitis (Andrade and Azevedo, 1987), as well as diffuse hyperpla-
sia of both red and white pulps and intense active congestion of the
splenic sinuses have been reported (Souza et al., 2009).
Recently, new roles for the spleen have been proposed (Taranti-
no et al., 2009a, 2011a). Human studies showed that patients with
fatty liver had greater mean spleen volume than normal subjects
(Tsushima and Endo, 2000). Fatty liver, or steatosis, refers to a his-
topathologic condition characterized by an excess accumulation of
lipids, primarily triacylglycerol (TG), within hepatocytes (Burt
et al., 1998). During the last decade, hepatic changes in chronic
schistosomiasis impacting on splenic structure and function have
been reported (Andrade et al., 1998).
Long-term feeding a high-fat diet leads to dyslipidemia, in-
creased liver mass and hepatic steatosis (Neves et al., 2006a,b),
splenomegaly, sinusoidal dilatation and macrophages ﬁlled with
hemosiderin droplets (Altunkaynak et al., 2007). In addition, fat
diet caused histological and parasitological effects on murineschistosomiasis mansoni outcome (Neves et al., 2007a; Alencar
et al., 2009, 2012). Although the association between liver steatosis
and fatty diet with spleen architecture has been evidenced, the fea-
tures of the splenic microenvironments using a murine model of
hypercholesterolemia during experimental schistosomiasis have
not yet done. Our aim for this study was to test the hypotheses
raised from our previous investigations that high-fat diet associ-
ated with schistosomiasis promotes intensive quantitative changes
in mice tissue.
Based on stereology, morphometry and histopathology, we
shown disorganized splenic architecture of infected mice com-
pared to uninfected mice. Most importantly, spleens of infected
animals showed white pulp hypoplasia, red pulp and germinal cen-
ter hyperplasia. Those animals also presented marked increased in
major diameter of white pulp as well as the megakaryocytes abun-
dance than in corresponding mice controls. The deposition of
hemosiderin within the splenic parenchyma of infected mice was
less abundant than uninfected group. The white pulp also evi-
denced intensive lymphocytic mitosis, Mott cells, hemosiderin
deposits and germinal center hyperplasia. Altogether data demon-
strate, for the ﬁrst time, that the high-fat diet promotes damage to
splenic tissue in mice during the acute phase of schistosomiasis
infection.2. Material and methods
2.1. Ethics statement
All procedures were conducted in compliance with the Guide
for the Care and Use of Laboratory Animals. All procedures were
approved by the local Commission for Ethics in the Use of Animals
(Permission L-0036/07; CEUA- FIOCRUZ).2.2. Experimental animals and housing
The animals, chow regimen, experimental infection and lipid
proﬁles (total cholesterol) have been previously reported (Neves
et al., 2007a). Brieﬂy, Swiss Webster female mice were housed in
stainless-steel cages with wood shavings as bedding and kept un-
der environmentally-controlled conditions (temperature, 21 ± 1 C,
humidity, 60 ± 10% and light/dark cycle, 12/12 h). Mice were fed
either a high-fat diet containing 47% carbohydrates, 24% proteins,
29% lipids (5.7 kcal/g body wt/day) or a normal diet containing
12% fat, 28% protein and 60% carbohydrate (4.6 kcal/g body wt/
day) plus water ad libitum.2.3. Schistosomiasis infection and lipid proﬁle
After six months of feeding on their respective diets, 20 mice
were each subcutaneously infected with50 S. mansoni (BH strain)
maintained in Biomphalaria glabrata snails. Infection allowed
maturing for nine weeks representing the acute phase of infection.
Total serum cholesterol was assayed both the day before experi-
mental infection and at necropsy, using the colorimetric enzymatic
method.2.4. Source of material
Mice fed a high fat diet (n = 10) and controls (n = 10) were
euthanized by jugular section (hypovolaemic shock) at week nine
post-infection and spleen tissue was removed. Spleen volume
(SV) was recorded by the Scherle liquid displacement method
(Scherle, 1970).
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Spleen from control and infected mice were ﬁxed in neutral buf-
fered formaldehyde for 48 h at room temperature (Carson et al.,
1973) and parafﬁn embedded. Spleen sections (5 lm) were stained
with haematoxylin-eosin, Lennert’s Giemsa and Picrosirius for his-
topathological, morphometric and stereological evaluation by light
microscope. Representative images of the white pulp, red pulp and
germinal center were acquired under a Nikon Eclipse E200 camera
coupled to an Olympus BX41 microscope (Tokyo, Japan) and ana-
lyzed with the software Image-Pro Plus (Media Cybernetics, Silver
Spring, MD, USA).
2.6. Quantitative assessment
2.6.1. Spleen stereology
The spleen was analyzed considering the following compart-
ments: white pulp (V[vwp]), red pulp (V[vrp]) and germinative
center (V[vgc]) (Fig. 1). Two sections per spleen were utilized for
the analysis using the systematic ﬁeld sampling technique and ﬁve
microscopic ﬁelds were randomly inspected on each section. All
determinations were performed at a magniﬁcation of  100 using
a test system composed of 36 test points. The volume density of
spleen compartments was calculated from the equation: Vv = Pp/
Pt (%), where Pp represents the points hitting the structures (Man-
darim-de-Lacerda, 2003). Representative images were acquired,
Nikon Eclipse E200 camera coupled to an Olympus BX41 micro-
scope (Tokyo, Japan) and analyzed with the software Image-Pro
Plus (Media Cybernetics, Silver Spring, MD, USA).
2.6.2. Spleen morphometry
For the quantitative analysis of white pulp, 15 ﬁelds were ran-
domly chosen on each slide and were evaluated. HE-stained sec-
tions were captured with a digital camera (Nikon Eclipse E200
camera) connected to a microscope (Olympus BX41 microscope
Tokyo, Japan). The camera output was processed and analyzed by
image analyzer software (Image-Pro Plus 3 – Media Cybernetics,
US). The major and minor diameter of white pulp was calculated
(Neves et al., 2007a).Fig. 1. Photomicrograph of splenic tissue showing white pulp (a), red pulp (b) and
germinal center (c) (digital image materials embedded in parafﬁn and stained with
hematoxylin-eosin) after superimposition of the test system containing 36 points.2.6.3. Megakaryocyte quantiﬁcation
For each animal, megakaryocytes number was quantiﬁed in the
red pulp by counting 5 high power ﬁelds equaling approximately
48000 lm2. Representative images were acquired, Nikon Eclipse
E200 camera coupled to an Olympus BX41 microscope (Tokyo, Ja-
pan) and analyzed with the software Image-Pro Plus (Media Cyber-
netics, Silver Spring, MD, USA).3. Statistical analysis
Data are presented as mean ± Standard error media. Statistical
analysis was performed using the GraphPad InStat (version 3.01
GraphPad Software, San Diego, CA, USA). Groups were compared
using a Student’s t-test. Values of P < 0.05 were considered as sta-
tistically signiﬁcant.4. Results
4.1. Biometry, histological assessment and morphometry
Total spleen weights increased signiﬁcantly (P = 0.004) in
infected mice, regardless of diet (ISC, 0.40 ± 0.12 g; IHFC,
0.35 ± 0.10 g) compared with control (SC, 0.16 ± 0.08 g; HFC,
0.26 ± 0.13 g). The high fat-fed mice (HFC and IHFC) and standard
control diet (ISC) have disorganized splenic architecture compared
with uninfected control (SC), for which no histopathology was evi-
dent. In addition, lymphocytes, eosinophils and neutrophils were
in less extent in mice fed high-fat diet than controls.
To further determine if the differences between above results
were due to diet or infection, we next examined the features of
both white and red pulp. Our major ﬁndings demonstrated that
both diet and infection determined perturbations in splenic com-
partment. Spleens from uninfected mice presented loss of the
white and red pulp limits in high-fat fed mice (HFC) (Fig. 2B). How-
ever, quantitative evaluation of white pulp was not statistically
signiﬁcant (P < 0.05) between groups for control diet (SC,
1389.5 ± 425 lm) and high-fat diet (HFC, 1378.7 ± 515 lm).
With respect to infected mice, the main changes were exuda-
tive-productive granulomas (Fig. 2C) distributed only sparsely in
the red pulp in ISC mice groups, whereas a tissue reaction charac-
terized by a cell inﬁltration in high-fat fed mice was found
(Fig. 2D). Histopathological analysis also showed an apparently
higher concentration of red blood cells in this group than that ob-
served in control animals. The red pulp compartment showed a
signiﬁcantly (P = 0.008) increased average number of megakaryo-
cytes (ISC, 10.4 ± 2.8; IHFC, 5.9 ± 1.8) compared with uninfected
mice (SC, 8.6 ± 3.0; HFC, 6.3 ± 1.7). This may be associated with
hematopoietic reconstitution.
Microscopic examination of white pulp from uninfected spleen
(SC) revealed a normal morphological appearance (Fig. 2A). In con-
trast, infected mice (ISC and IHFC) showed cellular inﬁltrates scat-
tered within the white pulp and were characterized by
polymorfonuclear cells, with intensive lymphocytic mitosis and
Mott cells (Fig. 2E and F). Hemosiderin deposits observed in the
red pulp tended to be in less extent in infected mice compared
with uninfected controls.
The quantitative evaluation of white pulp was statistically sig-
niﬁcant (P = 0.013) between controls (ISC, 1157.5 ± 399 lm) and
high-fat diet (IHFC, 1435.1 ± 434 lm).
4.2. Stereological assessment
Stereological ﬁndings conﬁrmed aforementioned results indi-
cating that both diet and infection lead to changes in the splenic
compartments (Fig. 3). The white pulp (V[vwp]) was signiﬁcantly
Fig. 2. Photomicrograph of spleen tissue of mice SW fed with standard diet: uninfected (SC) - overview in A and infected (ISC) – Exudative-productive granuloma in C; and
fed high-fat diet: uninfected (HFC) – overview in B and infected – cellular inﬁltrate in D; Hemosiderin, Megakaryocyte and Mott cells in E and Mitosis in F.
196 A.M. da Silva et al. / Experimental Parasitology 132 (2012) 193–199reduced for infected mice (ISC 20%; IHFC 18%, P < 0.01) com-
pared with controls (SC = 53%; HFC = 63%). The red pulp (V[vrp])
was signiﬁcantly increased for infected animals (ISC + 18%; IHFC +
16%, P < 0.01) compared with uninfected animals (SC = 42%;
HFC = 36%). The germinative center (V[vgc]) was higher for in-
fected mice fed either high-fat diet (IHFC + 1%, P < 0.01) or standard
chow (ISC + 2%, P < 0.01).5. Discussion
Studies carried out in both humans and animals models have
revealed that the increased intake of dietary fat leads to higher lev-
els of serum cholesterol (Aguila et al., 2004; Mohr et al., 2004; Siri-
Tarino et al., 2010). Fat diet consumption may result in liver (Neves
et al., 2006a,b), intestine (Alencar et al., 2012), and kidney and
heart injuries (Panchal and Brown, 2011). Animal studies showed
that feeding high-fat diet induces fatty liver or steatosis (Catta-Pre-
ta et al., 2011) which is characterized by an excess accumulation oflipids, primarily triacylglycerol (TG), within hepatocytes (Burt
et al., 1998). In recent years, clinical and laboratory studies have
demonstrated that steatosis also affects other liver insults (Federic-
o et al., 2010) and spleen (Savastano et al., 2011; Tarantino et al.,
2011a). Thus, patients with fatty liver had greater mean spleen vol-
ume than normal subjects (Tsushima and Endo, 2000).
Because there is an association between fatty liver and spleen
(Tarantino et al., 2009a,b,c; Tarantino et al., 2011a,b) and hepatic
changes impact on splenic structure and function in chronic
schistosomiasis (Andrade et al., 1998), we asked whether acute
infection is also impaired. Our previous observation that hypercho-
lesterolemia promoted hepatic steatosis (Neves et al., 2006a,b) rep-
resents a clear detrimental effect of fat diet.
Over the last several years, a large number of design-based ster-
eological studies have proved the usefulness of quantitative ap-
proach to evaluate questions in biomedical sciences such as
hepatic (Mandarim-de-Lacerda et al., 2010), cardiac (Mühlfeld
et al., 2010), renal (Altunkaynak et al., 2008) and splenic research
(Milicevic et al., 1996a,b, 2010). Examination of the white pulp of
Fig. 3. Density of the volume of splenic tissue compartments, p 6 0.05, if (a) when
compared with the SC group, (b) with the HFC group, (c) with the ISC group.Legend:
SC, Diet standard; ISC, Diet Standard infected; HFC, High-fat diet; IHFC, High-fat diet
infected.
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in corresponding uninfected controls, in accordance with those
observations in Balb/c mice (Arruda et al., 1993). In addition, we
observed high fat diet-associated splenomegaly, which is consis-
tent with previous studies using a rat model (Altunkaynak et al.,
2007). An explanation is that both infection due to antigenic stim-
ulation (Dumont et al., 1975; Elmore, 2006) and high-fat diet
(Altunkaynak et al., 2007) may result in a signiﬁcant enhancement
of spleen followed by alterations on its architecture (Andrade and
Azevedo, 1987; Arruda et al., 1993). Nevertheless, it appeared that
high-fat diet may have less intensively impacted the histology of
the splenic compartment than standard diet, which was consistent
with morphometric ﬁndings.
The white pulp plays a pivotal role in the development of spe-
ciﬁc immune responses and is densely populated with T and B lym-
phocytes, producing antibodies against pathogens (Cesta, 2006;
Tarantino et al., 2011a). Additionally, it has been proposed that
the morphological feature of the spleen is an indicator of activity
of T-cells (Teixeira-Carvalho et al., 2002). Hence, splenic organiza-
tion is central to the efﬁcient functioning of the immune response
(Tarlinton et al., 2003). Although the role of dietary lipids on the
immune functions has been reported (Erickson et al., 1980; Pablo
et al., 2002), as well as changes in the key enzyme activities of glu-
cose and glutamine metabolism in the lymphoid organs (Gui-
marães et al., 1995), the exact mechanism by which fat diet
negatively impacts the white pulp is not fully understood (Cesta,
2006; Federico et al., 2010; Tarantino et al., 2011b). In contrast
to our data, hyperplasia of white pulp was associated with the
expansion of activated CD4 + T-cell subpopulation in chronic hu-
man schistosomiasis (Teixeira-Carvalho et al., 2002). Whether dif-
ferent times of infection can account for such controversial results
remains to be determined.
Spleen stereology and histopathology demonstrated both red
pulp expansion and germinative center hyperplasia. One discrep-
ancy between our results and previous studies (Silva-Souza and
Vasconcelos, 2005) was the characteristics of the inﬂammatory re-
sponse to eggs sparsely lodged within the red pulp. While we ob-
served exudative-productive granulomas, those authors evidenced
a discrete periovular reaction. This disagreement could be attrib-
uted to host susceptibility characteristics, denoting some mor-
pho-functional determinism in the response to schistosomal
infection is dependent on the animal species (Costa-Silva et al.,
2002). In contrast, mice fed high-fat diet showed an exacerbatedinﬂammatory response, albeit without to egg presence. A possible
explanation is that both fat diet (Altunkaynak et al., 2007) and the
acute immune response to antigens from mature eggs deposited in
the liver may have contributed to splenomegaly. These assump-
tions are based on previous data demonstrating that lipids-rich
diet may favor hatching soluble eggs antigens (Hanna et al.,
2005) as well as the production of sperm and oocyte in S. mansoni
adult worms (Neves et al., 2007b). In this regard, the modulating of
cellular signaling appears to be the mechanism whereby choles-
terol favors schistosome reproduction (Neves et al., 2007b).
The present study also demonstrates higher number of megak-
aryocytic cells which is an indication of hematopoietic activity
(Cesta, 2006) and an apparent higher concentration of red blood
cells than in corresponding control animals, suggesting the pres-
ence of hemorrhagic foci (Andrade and Andrade, 1965; Freitas
et al., 1999). Our ﬁnding suggests that infection did not impair
the extramedullary hematopoiesis in the red pulp during ongoing
splenomegaly (Cesta, 2006). The intake of a dyslipidaemic diet
resulted in lower number of megakaryocytic cells than standard
diet group. More deﬁnitive experiments will be required to settle
the mechanisms whereby megakaryocytic cells are reduced in
number.
Hemosiderin is a granular brown denatured product of ferritin
(Wang et al., 2010). Macrophages in the spleen are involved in
the regular storage; relocation and recycling of iron-compounds
of effete or damaged red blood cells (Cesta, 2006). In this study,
hemosiderin deposits within macrophages in the red pulp were
seen (Suttie, 2006). These results are concordant with rat studies
in which animals also fed high fat diet (Altunkaynak et al., 2007).
Nevertheless, it appeared to be in less extent than in corresponding
uninfected controls. Although interactions of fat and iron metabo-
lism have been reported (Cooksey et al., 2010), the mechanisms
responsible for these phenomenon are unclear and warrant further
investigation. Histological examination also revealed Mott cells
that are found in large numbers in lymphoid organs (Alanen
et al., 1985; Shultz et al., 1987). Those are plasma cells containing
intracellular inclusions of unreleased immunoglobulin compo-
nents, as a result of a block in the normal secretion pathway of
immunoglobulins (Russell bodies) (Tarlinton et al., 1992). Addi-
tionally, Mott cells can be observed rarely in normal animals, be-
cause results of extreme antigenic loads or pathologic states,
potentially explaining our ﬁndings (Schweitzer et al., 1991).
Nevertheless, we still do not know the role of these cells in
schistosomiasis.6. Concluding remarks
The results of the present study suggest that there is a signiﬁ-
cant relationship between high-fat diet intake and splenic disorga-
nization such as a decrease in the numerical density of white pulp
and, red pulp and germinal center hyperplasia. Such structural dis-
organization due to co-morbidites (schistosomiasis and dyslipide-
mia) may affect the microenvironments of the spleen that are
necessary for the generation of immune responses to antigens.Conﬂicts of interest statement
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